The cerebellum's role in sensory-motor control and adaptation is undisputed. However, a key hypothesis pertaining to the function of cerebellar circuitry lacks experimental support. It is universally assumed that the discharge of mossy fibers accounts for modulation of Purkinje cell "simple spikes" (SSs). This assumption acts as a prism through which all other functions of cerebellar circuitry are viewed. The vestibulo-cerebellum (nodulus and uvula) receives a large, unilateral, vestibular primary afferent mossy fiber projection. We can test its role in modulating Purkinje cell SSs by recording the modulated activity of both mossy fiber terminals and Purkinje cell SSs evoked by identical natural vestibular stimulation. Sinusoidal rotation about the longitudinal axis (roll) modulates the activity of vestibular primary afferent mossy and climbing fibers as well as Purkinje cell SSs and complex spikes (CSs). Remarkably, vestibular primary afferent mossy fibers discharge 180 degrees out of phase with SSs. This indicates that mossy fibers cannot account for SS modulation unless an inhibitory synapse is interposed between mossy fibers or vestibular climbing fibers and Purkinje cells. The authors review several experiments that address the relative contributions of mossy and climbing fiber afferents to the modulation of SSs. They conclude that climbing fibers, not mossy fibers, are primarily responsible for the modulation of SSs as well as CSs and they propose revised functions for these two afferent systems.
The cerebellum charms neurobiologists. A multifoliated structure perched on the brainstem behind the cerebral cortex, the cerebellum has seven neuronal cell types, segregated into three layers. Its afferent and efferent connections are conveyed by three pairs of fiber bundles (peduncles) that fasten the cerebellum to the brainstem and place it at the crossroads of sensory-motor integration. Its crystalline structure attracts cellular physiologists, neuroanatomists, and others interested in structure-function questions. Developmental biologists are absorbed by the migration of cell populations during cerebellar development. Molecular geneticists are attracted by the use of disrupted motor behavior to characterize the phenotypic expression of mutations. Neurologists and neurosurgeons have long been fascinated by the rich variety of motor disorders caused by traumatic cerebellar injury. Systems physiologists and mathematical biologists are enchanted by the cerebellum's role in sensory-motor integration. Almost all neurobiologists are excited by the use of the cerebellum as a model system for the investigation of neuronal plasticity.
The Purkinje cell is the only output neuron of the cerebellar cortex. The neuronal circuitry in which Purkinje cells are embedded remains remarkably constant in different cerebellar regions. A major factor in how a repeating unit of cerebellar circuitry is deployed depends on its afferent connections. Two distinct afferent pathways convey information to the cerebellar cortex. Mossy fibers originate from multiple brainstem nuclei and terminate on granule cells in a layer just below Purkinje cells in the cerebellar cortex. Granule cell axons ascend through the Purkinje cell layer and into the molecular layer where they bifurcate into parallel fibers that richly innervate Purkinje cell dendrites. Intra-cerebellar branching of mossy fibers makes difficult estimates of the number of extra-cerebellar neurons from which mossy fibers originate. Possibly there are as few as one mossy fiber for every three Purkinje cells or as many as four mossy fibers for each Purkinje cell (Palkovits and others 1972) . Climbing fibers originate from only one precerebellar nucleus, the contralateral inferior olive. Each Purkinje cell is directly innervated by a single climbing fiber. One is enough. A climbing fiber makes ~500 synaptic contacts as it entwines the Purkinje cell dendritic tree (Harvey and Napper 1991) . Purkinje cells outnumber climbing fibers by a factor of 10 to 15 (Palkovits and others 1972) . Here, we will examine how mossy and climbing fibers contribute to the discharge of Purkinje cells under conditions of natural sensory stimulation.
Regulation of Purkinje Cell Complex and Simple Spikes
It is commonly assumed that mossy fibers modulate the relatively high frequency discharge of Purkinje cell simple spikes (SSs) and that this modulation is essential for online correction of movement. Conversely, climbing fibers regulate the relatively low discharge of Purkinje cell complex spikes (CSs) and that this modulation is involved in more abstruse functions. These views are echoed in textbooks (Ghez and Thach 2000) , scholarly reviews (Apps and Garwicz 2005; Bloedel and Bracha 2009) , and research articles (Armstrong and Edgley 1988; Kano and others 1991b; Lisberger and others 1994; Walter and Khodakhah 2006) .
A thorough analysis of how mossy and climbing fibers regulate SSs and CSs requires the use of natural sensory stimulation capable of modulating the discharge of SSs and CSs. We have used natural vestibular stimulation to modulate parametrically the activity in both of these pathways. We have also analyzed activity in one of these pathways after the other has been blocked, providing a unique insight into the operations of cerebellar circuitry. We show that climbing fibers, not mossy fibers, are responsible for the modulation of CSs and SSs.
Mossy Fiber → Granule Cell → Parallel Fiber Circuitry
As a mossy fiber exits a cerebellar peduncle, its main stem divides into several branches that penetrate several cerebellar folia, often bilaterally (Fox and others 1967; Wu and others 1999) (Fig. 1A) . A mossy fiber branch forms ~40 synaptic rosettes that contact dendrites of ~15 granule cells ( Fig. 2A ). Each granule cell has three to six dendrites, allowing innervation by more than one mossy fiber (Fox and others 1967) . A single mossy fiber projects onto ~600 granule cells (Palkovits and others 1972) . This divergence no doubt accounts for the "patchy-mosaic" of granule cell cutaneous receptive fields in which skin surfaces are represented discontinuously in adjacent granule cells (Kassel and others 1984) .
Granule cell axons ascend to the molecular layer where they bifurcate into parallel fibers that extend through the overlapping dendritic trees of 200 to 1000 Purkinje cells arrayed along a folial axis (Fox and others 1967) . In the Figure 1. Cerebellar microcircuitry. A, The afferent limbs of cerebellar circuitry consist of an indirect mossy fiber (mf) → granule cell (Gr) → parallel fiber projection to Purkinje cells (Pc) and a direct climbing fiber (cf) projection to the Purkinje cells. Two inhibitory interneurons, basket (Ba) and stellate (Sc) cells, synapse directly on Purkinje cells. Inhibitory Golgi cells (Go) synapse on granule cells. Bergmann (Bg) and NG2+ astrocytes may interact with Purkinje and stellate cells. B, Axial view of a vermal folium illustrates the extensive length of parallel fibers. The two colorized soma of granule cells are located in lateral extremes. Their axons, parallel fibers, could potentially innervate any Purkinje cell within the folium. Modified from Cajal (1911).
rat, parallel fibers are 4.7 mm end-to-end (Pichitpornchai and others 1994) . In the cat, they are ~6 mm (Brand and others 1976) . Each Purkinje cell is contacted by ~150,000 parallel fibers (Harvey and Napper 1991) whose parent granule cell bodies may be several millimeters distant (Fig. 1B) .
Based on anatomical considerations alone, the mossy fiber → granule cell → parallel fiber system distributes information to as many Purkinje cells as possible along a folial axis. These anatomical details appear to conflict with electrophysiological studies of cutaneous homunculi mapped onto the cerebellar surface. This apparent conflict is one of scale rather than substance. Homunculi reflect regional patterns of mossy fiber projections. Within these regional patterns a greater functional specificity can be found that may not reflect the topography of the sensory projection.
Some have argued that functional specificity of mossy fiber → granule cell → parallel fiber projections to Purkinje cells is achieved, despite the divergent projections of mossy fiber → granule cell → parallel fibers, by a disproportionate synaptic influence of ascending axons of granule cells on Purkinje cells (Cohen and Yarom 1998; Gundappa-Sulur and others 1999) . The premise of this argument is not sustained by experiment. Synaptic currents evoked by ascending axons are roughly comparable to synaptic currents evoked by the parallel fibers (Isope and Barbour 2002; Walter and others 2009) . The total number of presynaptic varicosities of parallel fibers in the rat is estimated at 135/mm (Harvey and Napper 1988) . The ascending branch of granule cell that is 100 mm long could account for 2% of the total presynaptic granule cell varicosities before it bifurcates into a 5-mm parallel fiber (Walter and others 2009) .
The assumption that mossy fiber afferents are responsible for the high discharge frequency (0-80 impulses/s) of Purkinje cell SSs (Granit and Phillips 1956; Eccles and others 1966a) obscures the possible contributions of other factors. Spontaneous SSs occur in isolated Purkinje cells in the absence of any parallel fiber input (Llinás and Sugimori 1980; Raman and Bean 1999) . Interneurons in the molecular layer, basket and stellate cells, exert inhibitory control of Purkinje cells (Andersen and others 1964; Midtgaard 1992; Pouzat and Hestrin 1997; Szapiro and Barbour 2007; Fig. 1A) . Golgi cells in the granule cell layer indirectly influence SS discharge by inhibiting the discharge of granule cells (Eccles and others 1966b) .
Climbing Fiber Circuitry
Unlike the extensive medio-lateral distribution of mossy fiber terminals, climbing fiber terminals are arrayed in narrow sagittal zones (Groenewegen and Voogd 1977; Andersson and Oscarsson 1978; Sugihara and others 1999; Wu and others 1999; Sugihara and others 2001; Fig. 2B) . Climbing fibers synaptically evoke the iconic amalgam of sodium and calcium spikes in Purkinje cells that comprise the CS (Llinás and Sugimori 1980; Lasser-Ross and Ross 1992) . CSs last 5 to 10 ms and have a relatively low discharge frequency of 0.5 to 8.0 imp/s (Granit and Phillips 1956; Eccles and others 1966a) .
CSs have been likened to "phasic motor generators" (Berthoz and Llinás 1974) , "threshold devices" (Murphy and others 1973) , "event detectors" (Rushmer and others 1976) , "error detectors" (Andersson and Armstrong 1987) , "frequency synchronizers" (Llinás and Yarom 1986) , "gain changers" (Ebner and Bloedel 1981) , and "teachers" (Ito and others 1982; Sakurai 1987; Ito and Karachot 1989; Crépel and Jaillard 1991; Narasimhan and Linden 1996) . Mossy and climbing fiber projections to the cerebellum and mossy fiber discharge. A, Single cells in the left lateral reticular nucleus were labeled with biotinylated dextran amine. They project bilaterally as mossy fibers to several folia in the anterior vermis. Modified with permission from Wu and others (1999) . B, Single cells in the mediocaudal caudal aspect of the medial accessory olive were labeled with biotinylated dextran amine. Several branches of a single climbing fiber project onto a sagittal zone in the contralateral uvula-nodulus. Modified with permission from Sugihara and others (2001) . icp = inferior cerebellar peduncle; IntP = nucleus interpositus; LCN = lateral cerebellar nucleus; LVN = lateral vestibular nucleus; MCN = medial cerebellar nucleus.
Each of these theoretical descriptions appears guided by an assumption that the discharge frequency of CSs is too low and too variable to encode sensory information parametrically in real time or to account for continuous online correction of movement (Ghez and Thach 2000) . Such an assumption should be predicated on knowledge of the range of stimulus frequencies encoded in the modulated discharge of CSs and SSs as well as the range of movement frequencies for which the corrective output of the cerebellum is required.
Climbing fiber discharge frequencies in the flocculus are sufficient to encode optokinetic direction and velocity (Maekawa and Simpson 1973; Leonard and others 1988; Graf and others 1988; Frens and others 2001) . Similarly, vestibular end organ specificity and velocity is encoded by climbing fibers in the uvula-nodulus (Barmack and Shojaku 1995; Fushiki and Barmack 1997; Barmack and Yakhnitsa 2003; Yakhnitsa and Barmack 2006) . In these systems, climbing fibers encode sensory information over a broad range of stimulus frequencies (0.001-1.000 Hz).
The relatively high discharge frequencies of SSs have often been viewed as evidence that SSs encode higher stimulus frequencies than do CSs. This interpretation would be more persuasive if it were supported by experimental evidence. Higher discharge frequencies of SSs could indicate an ability to transmit higher stimulus frequencies. However, higher discharge frequencies might be unrelated to sensory signaling. Rather they may establish optimal carrier frequencies necessary for effective presynaptic release of transmitter by Purkinje cells onto neurons in the vestibular and cerebellar nuclei.
Anatomy of Uvula-Nodulus Vestibular Mossy Fiber Pathways to the Uvula-Nodulus
All vestibular primary afferents divide as they approach the brainstem. One branch projects to the vestibular complex. The other branch projects to the ipsilateral uvulanodulus ( Fig. 3 ). This projection is distributed across multiple folia. Folial branching patterns of mossy fibers have a range of a few millimeters.
The maculae of otolith end organs (saccule and utricle) project mainly, but not exclusively to the uvula. Semicircular canal cristae project mainly, but again, not exclusively to the nodulus (Maklad and Fritzsch 2003) . The projection of vestibular primary afferent mossy fibers is exclusively ipsilateral. However, the already-dispersed unilateral projections of vestibular primary afferent mossy fibers are further dispersed bilaterally by the extended length of parallel fibers that cross the midline. Although vestibular primary afferent mossy fibers comprise the largest single mossy fiber projection to the uvula-nodulus, they are not its only projection. Vestibular secondary afferent mossy fibers project bilaterally to the uvula-nodulus from the caudal, descending, medial, and superior vestibular nuclei (Brodal and Torvik 1957; Kotchabhakdi and Walberg 1978; Yamamoto 1979; Brodal and Brodal 1985; Thunnissen and others 1989) . The uvula-nodulus also receives a bilateral mossy fiber projection from the nucleus prepositus hypoglossi (Voogd and Barmack 2005) . Ponto-cerebellar mossy fibers represent a relatively small projection to the uvula, and an even smaller projection to the nodulus (Serapide and others 2001).
Vestibular Climbing Fiber Projections to the Uvula-Nodulus
The vestibular climbing fiber projection to the uvula nodulus originates from the contralateral b-nucleus and dorsomedial cell column (DMCC) of the inferior olive (Barmack and others 1993; Barmack 1996; Kaufman and others 1996; Fig. 3 ). The b-nucleus and DMCC receive secondary vestibular projections from the ipsilateral parasolitary nucleus, a small GABAergic nucleus onto which ipsilateral primary vestibular afferents project (Barmack and others 1998; Barmack and Yakhnitsa 2000) . The b-nucleus and DMCC also receive excitatory projections from the contralateral Y-group (Voogd and Barmack 2005) . Neurons in each Y-group receive ipsilateral vestibular primary afferent projections and bilateral secondary vestibular afferent projections. Consequently each labyrinth projects indirectly to the b-nucleus and DMCC, with the majority of the projection from the ipsilateral parasolitary nucleus. Within the b-nucleus and DMCC, the vestibular projections from posterior and anterior semicircular canals are topographically distinct and include a variable convergence from the utricular otoliths (Barmack and others 1993) .
The topographically distinct organization of the inferior olive is preserved in its projection to the uvulanodulus. Climbing fibers from the inferior olive terminate in narrow, functionally distinct, sagittal climbing fiber zones in the contralateral uvula-nodulus (Voogd and others 1996; Sugihara and others 2001) . This well-defined climbing fiber termination pattern contrasts with the diffuse pattern of vestibular mossy fiber terminals (Thunnissen and others 1989; Epema and others 1990) .
One interesting consequence of the vestibular primary afferent mossy and climbing fiber projections is that a Purkinje cell in the uvula-nodulus likely receives its mossy fiber projections from the ipsilateral labyrinth and its climbing fiber projection from the contralateral labyrinth. This complementary projection pattern can be used to advantage in physiological experiments.
Physiology of Uvula-Nodulus Vestibularly Modulated Mossy Fiber Terminals and SSs
Vestibular stimulation about an animal's longitudinal axis effectively modulates primary afferent discharge. When an animal is roll-tilted onto one side, the activity of vestibular afferents that originate from the ipsilateral anterior and posterior semicircular canals as well, as the utricular otolith, increases (Goldberg and Fernandez 1971; Fernandez and Goldberg 1976 ). In the rabbit and mouse, sinusoidal roll-tilt oscillation evokes modulated activity from single mossy fiber terminals (MFTs; Fig. 4 ). MFTs characterized by short-duration action potentials (<0.5 ms) with a frequency range of 5 to 30 imp/s have been identified in the granule cell layers of the uvula-nodulus using indium filled glass micropipettes (Barmack and Shojaku 1995) . In total, 11 of 12 mossy fibers responded to sinusoidal rotation about a longitudinal axis and 1 of 12 responded to rotation about the vertical axis. Ipsilateral side-down rotation increased MFT discharge ( Fig. 4B ). Most importantly, MFTs discharged 180 degrees out of phase with SSs, meaning that the discharge of MFTs increased while the discharge of SSs decreased. Under this stimulus condition MFTs could not possibly modulate SSs unless inhibitory synapses were interposed between MFTs and Purkinje cells. We found essentially the same result in the mouse and we were able to identify MFTs unequivocally by juxtacellularly labeling with neurobiotin the mossy fiber rosettes from which we recorded ( Fig. 4A ; Barmack and Yakhnitsa 2008) .
Sinusoidal vestibular oscillation about the vertical axis (yaw) increases the discharge of horizontal semicircular canal primary afferents during rotation toward the ipsilateral labyrinth. Roughly 20% of the MFTs in the uvulanodulus originate from the ampullae of the horizontal semicircular canals. Despite this substantial population of horizontal semicircular canal afferents, neither Purkinje cell SSs nor CSs are modulated by horizontal angular acceleration (Fushiki and Barmack 1997; Yakhnitsa and Barmack 2006; Yakusheva and others 2007) . Horizontal stimulation is also ineffective in modulating the activity of neurons in the known vestibular-related preolivary nuclei (solitary nucleus and Y-group) as well as the vestibular-related olivary nuclei (b-nucleus and DMCC; Barmack and others 1993; Barmack and others 1998; Barmack and Yakhnitsa 2000) .
If vestibular primary afferent mossy fibers were responsible for the modulation of SSs, why would horizontally modulated SSs be absent? There are two possibilities: 1) According to an engineering model, mossy fiber activity evoked by horizontal angular acceleration is suppressed by an otolith signal when an animal is maintained in the prone orientation. This suppression is removed only when the animal is placed on its back (Yakusheva and others 2008) . This is, of course, an exp erimental dead end, inasmuch as no one would attempt to investigate the activity of single Purkinje cells in this topsy-turvy orientation-at least not on this planet. 2) Ipsilateral horizontal angular acceleration stimulates horizontal semicircular canal afferents, but these afferents are ineffective in modulating Purkinje cell SSs. This suggests that modulation of SSs depends primarily on climbing fiber signals. This inference is contradicted by reports of weak modulation of CSs in the nodulus during horizontal vestibular stimulation (Precht and others 1976; Robinson and others 1988; Yakusheva and others 2010) . However, apparent modulation of CSs evoked by horizontal vestibular stimulation is a likely consequence of an inappropriate alignment of the head of the stimulated animal that results in inadvertent stimulation of the vertical semicircular canals. In such instances, pitching the head forward or backward by only a few degrees will shift the phase of the modulated CSs by 180 degrees if the CSs originate from either of the vertical semicircular canals. With these improbable exceptions noted, modulated climbing fiber activity is essential for SS modulation. Naturally, it follows that the absence of horizontally modulated climbing fiber activity accounts for the lack of horizontally modulated SSs.
There are other reasons to doubt the role of vestibular primary afferent mossy fibers in the modulation of SSs. Sinusoidal roll-tilt modulates the activity of SSs in folia 9a and 9b of the uvula to which vestibular primary and secondary afferents have only sparse projections (Thunnissen and others 1989; Fig. 5C ). These folia receive a vestibular climbing fiber projection. Again, if vestibular primary afferent MFTs were essential for modulating the activity of SSs, why would such modulation persist in the absence of significant vestibular primary afferent mossy fiber projection? An alternative explanation is that climbing fibers, acting through inhibitory interneurons, account for the observed antiphasic modulation of SSs.
Climbing Fiber Zones: Vestibularly Modulated CSs and SSs
In contrast to the dispersion of vestibular primary afferent mossy fiber → granule cell → parallel fiber signals, the responses of SSs and CSs are confined to sagittal zones in the uvula-nodulus defined anatomically by climbing fiber projections. These zones can be characterized physiologically using a "null method" to establish a plane of vestibular stimulation least effective in modulating the discharge of CSs. During sinusoidal roll-tilt, the head orientation about the vertical axis is changed systematically in search of a plane of stimulation at which neuronal activity is not modulated. This defines a null plane (Fig. 5A, B) . On either side of this null plane, activity is modulated, but phase shifted by 180 degrees. The optimal plane is orthogonal to the null plane. Optimal planes of Purkinje cell CSs can be plotted onto a map of the uvula-nodulus to demonstrate physiological climbing fiber zones in which optimal planes are the defining receptive field characteristic. Interestingly the optimal planes of CSs and SSs are identical, but oppositely polarized (Yakhnitsa and Barmack 2006) .
For Purkinje cells that lack static sensitivity, optimal response planes correspond to the anatomical orientation of one of the two pairs of vertical semicircular canals. For Purkinje cells with static sensitivity, optimal planes correspond to a range of polarization vectors reflected in the continuous range of hair cell polarizations in utricular maculae (Barmack and Shojaku 1995; Fushiki and Barmack 1997 ).
In the rabbit uvula-nodulus, Purkinje cells with similar optimal response planes are clustered into ~800-mm-wide sagittal zones (Fushiki and Barmack 1997; Barmack and Yakhnitsa 2003 ). In the most medial zone, CSs and SSs have optimal response planes consistent with stimulation of the ipsilateral posterior and contralateral anterior semicircular canals (Fig. 5D ). Purkinje cells in this zone are innervated by climbing fibers from the contralateral caudal b-nucleus. In the more lateral zone, CSs and SSs have optimal response planes consistent with stimulation of the ipsilateral anterior and contralateral posterior semicircular canals. Purkinje cells in this zone are innervated by climbing fibers from the contralateral rostral b-nucleus.
A small horizontal optokinetic zone wedged between the two vertical semicircular canal zones in the ventral nodulus of the rabbit. CSs are evoked by posterior → anterior optokinetic stimulation of the ipsilateral eye. This zone Barmack and Yakhnitsa (2003) . receives its optokinetically modulated climbing fiber input from the contralateral caudal dorsal cap of the inferior olive (Alley and others 1975; Takeda and Maekawa 1989; Barmack and Shojaku 1995) .
Different postural responses are evoked by activity evoked in these different zones that project to cerebellar and vestibular nuclei. These projections may be related to appropriate patterns of postural responses necessary to prevent falling in the direction of vestibular stimulation. For example, vestibular stimulation in the plane of the left anterior and right posterior canals evokes a forward and lateral extension of the ipsilateral fore and hind paws ( Fig 5E) . HOKS of the left eye in the posterior → anterior direction evokes a lateral extension of the contralateral paws. Vestibular stimulation in the plane of the ipsilateral posterior and contralateral anterior semicircular canals evokes a backward extension of the ipsilateral paws. The potentially conflicting postural responses to activity generated in separate climbing fiber zones highlights the importance of maintaining this separation of activity in efferent projections from these zones to subjacent vestibular and cerebellar nuclei (Wylie and others 1994) .
Climbing Fibers Induce Antiphasic Responses of SSs
Following the occurrence of a CS there is a decreased probability of SSs. One of the causes of this decreased probability, the "inactivation response," lasts 5 to 8 ms (Granit and Phillips 1956) . However, the SS pause often lasts 15 to 300 ms, an interval much too long to be attributed to an "inactivation response" (Bell and Grimm 1969; Bloedel and Roberts 1971; McDevitt and others 1982; Sato and others 1992) .
In fact, it is not necessary for the Purkinje cell to discharge to observe climbing fiber-induced pauses in SSs. Such pauses can be induced by electrical stimulation of the contralateral inferior olive even when the stimulus current is subthreshold for evoking a CS in the recorded Purkinje cell (Bloedel and Roberts 1971) . This observation provides additional evidence that SS pauses are not simply a function of a Purkinje cell-specific membrane conductance. SS pauses are generated by inhibitory interneurons or by Purkinje cell axon collaterals or both.
Both decreases and increases in spontaneous SS discharge following a CS have been observed in different regions of the cerebellum (Bell and Grimm 1969; McDevitt and others 1982; Kano and others 1991a; Sato and others 1992) . Decreases in SSs occur after electrically evoked CSs (Latham and Paul 1971; Burg and Rubia 1972) , under conditions in which CSs are evoked by sensory stimulation and when CSs are evoked during movement (Thach 1970; Rubia and Kolb 1978; Ebner and Bloedel 1981) . Variation in the locations of recording electrodes relative to climbing fiber zones can probably account for some of the variability in these data. The depth of modulation of SS discharge in Purkinje cells located at a zonal periphery is less than if the cells were located in a zonal center. In the rabbit uvula-nodulus, the depth of modulation of SSs located at the center of a zone is ~5× greater than at the periphery (Fushiki and Barmack 1997) . In some peripherally located Purkinje cells, antiphasic responses of CSs and SSs disappear altogether. SSs in a Purkinje cell located on a zonal periphery are susceptible to interneuronal inhibition evoked by climbing fibers that innervate adjacent zones. Consequently, it is useful to localize Purkinje cells from which recordings are made within a zonal framework. The number of climbing fibers that contribute to the modulation of SSs of a particular Purkinje cell remains unknown, but likely exceeds two.
Improbable Mossy Fiber Zones in the Uvula-Nodulus
In the mouse uvula-nodulus vestibular climbing fiber zones are ~400 mm wide (Yakhnitsa and Barmack 2006) . The spatial distribution of granule cells that contribute parallel fibers to these zones is much larger. We have made microinjections of neurobiotin into the dendritic trees of two to four Purkinje cells within a zone with the aim of tracing parallel fiber synapses back to the parent granule cell body. Such microinjections demonstrate a wide distribution of granule cells whose parallel fibers pass through the dendritic trees of the microinjected Purkinje cells. Sixty-two percent of the retrogradely labeled granule cells are located well beyond the bounds of the 400-mm climbing fiber zone. The functional dispersion of signals conveyed by parallel fibers might even be greater. We cannot assume that 38% of the granule cells located within an injected climbing fiber zone have the same optimal response planes as do the climbing fibers that define the zone.
Cutting Vestibular Primary Afferents Does Not Prevent Vestibular Modulation of SSs
However improbable, it remains logically possible that the antiphasic discharge of CSs and SSs is the consequence of two afferent systems with parallel responses modulated out of phase. This idea can be evaluated experimentally. The influence of climbing fiber activity on SSs can be tested independently of vestibular primary afferent mossy fibers by acutely disrupting the vestibular primary afferent pathway. If vestibular primary afferent mossy fibers convey a signal necessary for the modulation of SSs in the ipsilateral uvula-nodulus, then the modulation should be blocked when the ipsilateral labyrinth is destroyed by a unilateral labyrinthectomy (UL). A UL leaves the climbing fiber input to the ipsilateral uvula-nodulus intact because it originates primarily from the contralateral labyrinth (Fig. 3) . In rabbits, a UL does not prevent vestibular modulation of SSs in ipsilateral Purkinje cells. In these cells the modulation of SSs remains antiphasic to CSs (Barmack and Yakhnitsa 2003; Fig. 6 ).
Blocking the Vestibular Climbing Fibers Reduces Vestibular Modulation of CSs and SSs
If climbing fibers convey the key signal that modulates CSs directly and SSs indirectly through the action of interneurons, then a unilateral microlesion of the b-nucleus or DMCC should reduce vestibular modulation of both CSs and SSs in the contralateral uvula-nodulus (Fig. 7) . In rabbits, we have localized physiologically the b-nucleus of the inferior olive and made electrolytic microlesions that unilaterally destroy most of it (Fig. 7A, B) . This microlesion disrupts the climbing fiber projection to contralateral uvula-nodulus while leaving intact the projection from vestibular primary and secondary mossy fiber afferents. Such a microlesion reduces vestibular modulation of both CSs and SSs in the contralateral uvula-nodulus (Barmack and Yakhnitsa 2003;  Fig. 7C, D) .
In the intact system, climbing fiber discharge is associated with a reduction of SSs. If the activity conveyed by vestibular primary afferent mossy fiber → granule cell → parallel fibers had sufficient synaptic strength, it should prevail when the climbing fiber signal is blocked. SSs should then be modulated with a phase shift of 180 degrees. We have looked for such a phase-shifted SS signal following damage to the inferior olive and have found it in only 4 of 30 Purkinje cells (Fig. 7C , blue shaded symbols). This suggests that the vestibular primary afferent mossy fiber → granule cell → parallel fiber signal lacks synaptic efficacy for robust modulation of SSs even in the absence of a "competing" climbing fiber pathway.
Interneuronal Contributions to SS Modulation
How do climbing fibers modulate the discharge of SSs? Return to the observation that electrically evoked olivary activity reduces spontaneous SSs even when the climbing fiber signal is subthreshold for evoking CSs in the recorded Purkinje cell (Bloedel and Roberts 1971) . This influence could only be mediated by interneurons or Purkinje cell collaterals. Six cerebellar interneurons could potentially contribute to the modulation of SSs. We have recorded from these interneurons and identified them anatomically by juxtacellular electroporation with neurobiotin (Pinault 1996; Simpson and others 2005; Barmack and Yakhnitsa 2008) . One can compare the phase of the vestibularly evoked discharge of separate interneuronal populations and evaluate their phase with respect to that of CSs and SSs (Fig. 8A) .
Two interneurons, granule cells and unipolar brush cells (UBCs), are excitatory. UBCs are found in abundance in the granule cell layer, particularly in the uvulanodulus (Mugnaini and Floris 1994; Diño and others 2000) . They receive vestibular primary afferent projections and amplify vestibular signals through synaptic feed-forward excitation of granule cells. Both of these excitatory interneurons have the wrong phase to account for CS-evoked modulation of SSs.
Four interneurons, stellate cells, Golgi cells, Lugaro cells, and basket cells, are inhibitory. Of these four cell types, stellate cells are the second most numerous cerebellar Figure 6 . Complex spikes (CSs) and simple spikes (SSs) are modulated in a Purkinje cell in rabbit uvula after vestibular primary afferent mossy fibers are blocked. A, Purkinje cell was located 1.7 mm lateral to the midline, ipsilateral to the unilateral labyrinthectomy (UL). The optimal plane for CS modulation was orthogonal to the longitudinal axis. The left labyrinth was surgically destroyed. B, CSs and SSs, modulated by sinusoidal roll-tilt at 0.2 Hz, are shown as vertical lines (CSs) and instantaneous frequency (SSs). C, Peristimulus histograms show the persistence of antiphasic modulation of SSs (gray bars) without input from ipsilateral primary vestibular afferent mossy fibers. Modified from Barmack and Yakhnitsa (2003) .
neurons, exceeded only by granule cells. In the rabbit, stellate cells outnumber Purkinje cells by a factor of 15. Consequently, they are easy to find and identify. Interestingly, the optimal population vector for a sample of 47 stellate cells indicates that their discharge is modulated in phase with CSs and out of phase with SSs. Consequently, as a population, stellate cells have the correct vector to modulate SSs during CS discharge (Fig. 8A, B) .
An optimal population vector for a sample of 23 Golgi cells indicates that their discharge was modulated out of phase with CSs and in phase with SSs. Therefore, Golgi cells cannot account for the modulation of SSs by CSs (Fig. 8A, C) . Lugaro cells are relatively rare. They are located in the granule cell layer. Basket cells are also encountered relatively infrequently in the lower molecular layer, but are difficult to identify with certainty.
Climbing Fiber-Evoked Modulation of Stellate Cells
One of the problems in establishing a role for climbing fiber-evoked modulation of stellate cells is that ultrastructural studies reveal no conventional synaptic contacts from climbing fibers onto stellate cells (Desclin 1976; Hámori and Szentágothai 1980) . Nevertheless, electrical stimulation of the inferior olive excites stellate cells in the contralateral cerebellum. This excitation is 1 to 3 ms delayed from the onset of the climbing fiber field potential Modified from Barmack and Yakhnitsa (2003) . and is independent of its amplitude (Jörntell and Ekerot 2003) . The discovery that stellate cells are excited by glutamate spillover from the discharge of adjacent climbing fibers provides an obvious solution to this dilemma (Szapiro and Barbour 2007) .
The response of stellate cells to glutamate spillover may also depend on Kv4 low voltage-activated A-type potassium channels (Anderson and others 2010). These channels are preferentially distributed on the surface of stellate cell soma and dendrites where climbing fibers make nonsynaptic contact (Kollo and others 2006) . These channels are blocked by decreasing external calcium. Hence, the frequency of discharge of stellate cells can be increased by either glutamate spillover from climbing fibers or by decreases in external calcium depleted by Purkinje cell CSs (Anderson and others 2010) . These are remarkable observations. They imply that modulation of stellate cells, and consequently the modulation of the cerebellar output signal, depends on a nonclassical synaptic mechanism.
Climbing Fiber Responses in Other Cerebellar Systems
Questions about circuit functionality can be addressed in other cerebellar systems. Cutaneously evoked responses of Purkinje cells in the C3 climbing fiber zone of the cerebellar anterior lobe confirm that granule cells of the anterior lobe receive cutaneously activated mossy fibers from the ipsilateral forelimb and that this projection is somatotopically organized (Garwicz and others 1998) . SSs and CSs evoked in Purkinje cells within the C3 climbing fiber zone have remarkably similar receptive fields. This similarity could be attributed to a developmental process during which synapses with like receptive fields are sustained or it could be attributed to the influence of one of the afferent systems preferentially reinforcing inputs of the other afferent system (Jörntell and Ekerot 2002) . The only way to choose between these alternatives is to use a time-varying cutaneous stimulus so that it becomes possible to compare the phase of the discharge of cutaneous mossy fiber afferents relative to the phase of the discharge of SSs.
Horizontal optokinetic stimulation is effective in modulating the activity of climbing fibers that project to the flocculus from the contralateral inferior olive (Maekawa and Simpson 1973; Alley and others 1975; Graf and others 1988; Takeda and Maekawa 1989; Barmack and Shojaku 1995) . Increased climbing fiber activity is associated with decreased "simple spike" discharge (Barmack and Shojaku 1995; Fushiki and Barmack 1997; Barmack and Yakhnitsa 2003; Yakhnitsa and Barmack 2006) . The origins of mossy fiber projections to the flocculus are more varied than in the uvula-nodulus. It may be more difficult to evaluate whether one of several populations of mossy fibers contributes to the modulation of SSs in the flocculus.
One Cerebellum from Two Afferent Pathways
Climbing fiber discharge has two consequences. First, it directly evokes CSs from Purkinje cells arrayed in a sagittal zone. Second, it indirectly reduces SSs in Purkinje cells within this zone through its action on cerebellar inhibitory interneurons, most likely stellate cells. Paradoxically, the influence of inhibitory interneurons appears greater than that conveyed by vestibular primary afferent mossy fiber → granule cell → parallel fiber signals for several reasons: 1) Mossy fiber → granule cell → parallel fiber signals are too diffuse to account for the specificity of SSs; 2) they have the wrong polarity to account for the phase of SSs evoked by vestibular stimulation; and 3) they are too weak to modulate SSs even when climbing fiber signals are blocked by microlesions of the contralateral inferior olive.
Vestibular primary afferent mossy fiber → granule cell → parallel fiber signals optimize a rich diversity of inputs to each climbing fiber zone rather than provide a strict topographic map of the vestibular system that conforms to zonal boundaries. Given the total width of the rabbit uvula-nodulus (~5 mm), the large multifolial and medio-lateral distribution of mossy fiber rosettes, and the length of parallel fibers (~5 mm), it is likely that each uvula-nodular Purkinje cell is contacted by parallel fibers that encode signals from most, if not all, vestibular end organs.
What do mossy fibers do? Possibly they convey a regionally selective level of excitability. The net influence of primary and secondary vestibular mossy fiber afferents could indicate: "Your head is moving." The details of head movement are encoded in specific climbing fiber vectors: "You are falling forward to the left by 20 degrees." Modulation of SSs depends not only on the climbing fiber signal, but also on the intensity of activity in the broader population of mossy fiber → granule cell → parallel fiber signals. Increased mossy fiber activity could enhance the spontaneous discharge of SSs. It is likely that a higher spontaneous discharge of SSs would enhance the depth of modulation of SSs by CSs.
A longer term influence of climbing fibers on SS discharge could be achieved through conjunctive inhibition of parallel fiber synapses on Purkinje cell dendrites (Linden and Connor 1993; Ito 2002; Mapelli and D'Angelo 2007; Dean and others 2010) . Although mossy fiber → granule cell → parallel fiber signals enhance the level of Purkinje cell excitability, they could also decrease the depth of modulation of SSs if they are persistently out of phase with CSs. This problem may be effectively solved by the conjunctive regulation of the synaptic efficacy of parallel fibers by climbing fiber-induced "long term depression" (LTD; Ito and others 1982; Sakurai 1987; Ito and Karachot 1989; Crépel and Jaillard 1991; Narasimhan and Linden 1996) . LTD reduces the synaptic efficacy of parallel fiber signals that occur in phase with CSs while maintaining a level of excitability of Purkinje cells with parallel fiber activity uncorrelated with climbing fibers (Ekerot and Jörntell 2001; Jörntell and Ekerot 2002) .
LTD enhances the depth of modulation of SSs by minimizing conflicting parallel fiber discharge.
Abnormal Cerebellar Function
Our review presents an alternative framework for understanding the roles of mossy and climbing fibers in cerebellar function. It may shed light on the etiology and treatment of cerebellar disease. Consider the CAG repeat Purkinje cell disease, spinocerebellar ataxia (SCA). SCA is not always restricted to the cerebellum. In SCA-6, degeneration in precerebellar regions occurs (the vestibular complex, motor cortex, and inferior olive; Ishikawa and others 1999) . Detailed analysis of cerebellar disease may implicate the inferior olive in other cases, such as in Leigh's disease (Cavanagh 1994) or in other forms of SCA (Koeppen 2005) .
5-HT1A agonists are often administered to provide patient relief from ataxia (Takei and others 2005) . It is assumed that the 5-HT1A therapeutic effects are mediated by Purkinje cell 5-HT1A receptors. However, the therapeutic effects could be mediated by 5-HT1A receptors on olivary neurons that receive serotoninergic projections from neurons in the nucleus reticularis paragigantocellularis (Bishop and Ho 1986) .
Without knowledge of the particulars of cerebellar disease, it is possible that circumscribed damage to the brainstem (including the inferior olive) could influence the expression of cerebellar symptoms usually attributed to cerebellar cortical pathology. However, alternative possibilities may remain unexplored if we embrace a functional view of cerebellar circuitry that is not supported by experiment.
